A bent Bragg-Laue monochromator (BLM) is proposed for high-energy X-ray ($25-60 keV) beamlines. The BLM has the unique feature of bi-directional focusing. A sagittally bent Laue crystal can focus the large horizontal fan of a bending magnet or wiggler source. A meridionally bent Bragg crystal focuses the beam vertically and corrects for the anticlastic bending effects of the Laue crystal. This monochromator geometry relies on the crystal orientations being optimized. It is shown that the focusing condition and Rowland condition can be simultaneously satisfied at a given energy. Detailed ray tracings indicate that a BLM can provide similar energy resolution and higher flux density compared to a sagittally bent double-Laue monochromator configuration. A prototype BLM with a symmetric Bragg crystal and an asymmetric Laue crystal was tested. Matching of the bend radii of the two crystals in the meridional direction was demonstrated. In general, the horizontal acceptance of the sagittally bent Laue crystal is limited by the large curvature. This horizontal BLM acceptance could be increased by translating the Laue crystal along its sagittal bending axis.
Introduction
The continued push to study functional materials under the conditions in which they operate, that is operando or in situ studies, has led to the wider use of high-energy X-rays that can penetrate complex sample environments and condense scattering patterns into a narrower angular range (Gallington et al., 2016; Lapidus et al., 2013; Owen & Hector, 2014) . The increased availability of both high-energy X-rays from thirdgeneration synchrotrons and large two-dimensional area detectors for efficient data acquisition has led to expanded in situ and operando experiments. Bending magnet beamlines at storage rings such as the Advanced Photon Source (APS), Argonne National Laboratory, USA, are attractive X-ray sources for these experiments because they can provide significant X-ray fluxes at high energies. However, the complexity of the optics needed to provide focused monochromatic beams at a bending magnet has limited their widespread use for such experiments. Accordingly, there is a need to design optics that can deliver such beams in the highenergy regime (25-60 keV), with energy resolutions that are matched to the data resolutions provided by the two-dimensional area detectors. Here we present a concept for a monochromator based on bent crystals that provides efficient delivery of high-energy X-rays.
ISSN 1600-5767
# 2017 International Union of Crystallography Double-crystal monochromators typically rely on the diffraction from near-perfect Si crystals in either a Laue (transmission) or a Bragg (reflection) geometry to select X-ray beams of a particular energy or energy range. Bending of these monochromator crystals modifies the characteristics of the resulting X-ray beam, and depending on the bend geometry can yield focusing, increased energy bandwidth and/or increased flux. It is critical to optimize crystal geometries and bend to deliver the best compromise between acceptance, beam focus, energy resolution and flux, while avoiding aberrations. The crystals are normally bent meridionally around the axis perpendicular to the diffraction plane, or sagittally around the axis in the diffraction plane.
Bent Laue crystals are widely used for high-energy X-ray beamlines to provide a large energy bandwidth and high flux. Most often these are meridionally bent configurations used on insertion devices (Shastri et al., 2002; Suortti & Thomlinson, 1988; Ren et al., 1999) . The two cylindrically bent crystals satisfy the Rowland condition, thus preserving the natural divergence of the source. A meridionally bent double-Laue monochromator provides an order of magnitude increase in flux compared to flat crystal monochromators. Combining two meridionally bent Laue crystals can also form other nondispersive settings to be used as fixed-exit monochromators (Suortti & Schulze, 1995; Suortti et al., 1997) .
Sagittally bent Laue crystals are useful in focusing the larger horizontal beams provided by bending magnet or wiggler sources (Zhong et al., 2001a,b; Shi et al., 2011 Shi et al., , 2013 . The anticlastic bending in the meridional plane is matched to the source divergence. The performance of sagittally bent Laue crystal monochromators depends on the uniformity of the bending curvatures, which have been studied previously with the corresponding diffraction profiles (rocking curves) (Zhong et al., 2002 (Zhong et al., , 2003 Shi, 2011; Sanchez del Rio et al., 2015) .
Monochromators that combine different crystal geometries and/or different bend geometries have been developed. A combination of a meridionally bent Laue and a meridionally bent Bragg crystal (Lienert et al., 1998) focuses the beam in one direction and reduces the resolution broadening by dispersion compensation. A meridional-sagittal double-Bragg monochromator was also reported (Zontone & Comin, 1992) , where the first crystal is bent meridionally to correct the effects of the thermal load and to compensate the anticlastic distortion from the sagittally bent second crystal.
Here we propose a bent Bragg-Laue geometry high-energy monochromator (25-60 keV) suitable for bending magnet and wiggler beamlines. A sagittally bent Laue crystal provides horizontal focusing with a large horizontal acceptance. A meridionally bent Bragg crystal focuses the beam vertically and matches the anticlastic bending of the Laue crystal in the meridional direction. While the sequence of the Laue and Bragg crystals does not impact the optical parameters, in practice, it is beneficial to use the Bragg crystal as the first crystal, which experiences the highest heat loads, owing to the more efficient cooling that can be implemented in this geometry. The large curvature on the sagittally bent Laue crystal generates a curved beam profile, limiting the use of a wide horizontal fan. We show that, in practice, this effect can be offset by translating the Laue crystal along its sagittal bending axis. Fig. 1 is a schematic representation of the bent Bragg-Laue monochromator (BLM). The sagittally bent Laue crystal focuses the beam horizontally, while the meridionally bent Bragg crystal focuses in the vertical direction. Owing to the anticlastic bending of the crystal, the bent Laue crystal also possesses a curvature in the meridional direction, which will alter the focusing condition of the Bragg crystal. The energy resolution of the system relies in addition on the matching of the meridional curvatures of the two crystals. If designed properly, the monochromator will operate under the so-called Rowland condition (cf. top panel of Fig. 1) ; otherwise, the offRowland condition (cf. bottom panel of Fig. 1 ) causes improper focusing and resolution broadening. Below, a stepwise geometrical design procedure is shown in detail, which can also be used as a monochromator operation guideline. Throughout the manuscript, the subscripts 'B' and 'L' represent the Bragg and Laue crystals, respectively.
Conceptual design

Geometrical design
Since the horizontal focusing is solely provided by the sagittal bending of the Laue crystal, its bending radius, R sL , should be determined first using (Zhong et al., 2001a) 1 symmetric Laue crystals and 90 for symmetric Bragg crystals. Note that in the case of a sagittally bent double-Laue monochromator (DLM) both crystals contribute equally to the sagittal focusing. Therefore, the required sagittal bending radius for each crystal in the DLM is twice of that in the BLM case for the same focusing condition. As a rule of thumb, the R sL value needs to be larger than one thousand times the Laue crystal thickness T L to avoid breaking of silicon crystal wafers. The sagittal focusing capability of the BLM is thus limited by the achievable R sL value. At higher energies, a larger L (from a higher-order reflection) or L needs to be chosen to keep the R sL value large enough on the basis of equation (1).
The anticlastic radius in the meridional direction, R mL , of the Laue crystal can be estimated from 
where C L ( 1) is a parameter determined by the crystal shape and bender design, and L is the Poisson ratio determined by the crystal orientation. Previous research shows that the C L value depends on the length-to-width ratio of the crystal . Normally R sL is in the range of metres while R mL is a few tens of metres. The meridional curvature of the Laue crystal changes the focusing condition in the vertical direction. In order to focus the beam at the sample, the Bragg crystal should focus at a virtual focal distance of F 0 B2 , which satisfies the geometrical focusing condition of the Laue crystal in the meridional direction, or (Suortti et al., 1997) 
where F B2 is the Bragg-to-sample distance. For the geometry in Fig. 1 , the upper sign in equation (3) is chosen when the focus (sample) and the center of the meridional bending are on the opposite sides of the lattice planes. The corresponding bending radius, R mB , of the Bragg crystal can be determined from its meridional focusing condition (Suortti et al., 1997) ,
where F B1 is the source-to-Bragg distance, and B and B are the Bragg angle and asymmetric angle of the Bragg crystal, respectively. When
, the upper sign is selected in equation (4). Note that the Bragg angles of both Bragg and Laue crystals are normally the same in order to keep the exit beam parallel to the incident beam, or B = L .
Energy resolution
The energy resolution, ÁE/E, of the BLM is determined by the intrinsic bandwidth of the Bragg crystal ! B , the intrinsic bandwidth of the Laue crystal ! L , the geometrical dispersion of the two crystals and their matching condition. The angular acceptance, or the width of the diffraction profile, of the Bragg and Laue crystals can be calculated using the new Xcrystal module (Sanchez del Rio et al., 2015) in XOP (Sanchez del Rio & Dejus, 2011). The anisotropic properties of the crystals are taken into account, which is essential for the sagittally bent Laue crystals (Shi, 2011; Sanchez del Rio et al., 2015) . Fig. 2 shows the calculated diffraction profiles at two different energies. The diffraction profiles of sagittally bent Laue crystals are square shaped, while those of the meridionally bent Bragg crystals show significant asymmetry. Both crystals have diffraction profiles much wider than the flat perfect crystals.
The bandwidth broadening due to the off-Rowland condition of the Bragg crystal is given by (Suortti et al., 1997) 
with 0 v the vertical divergence of the source. The choice of sign in equation (5) is the same as in equation (4). Similarly, the bandwidth broadening due to the off-Rowland condition of the Laue crystal can be calculated as (Zhong et al., 2001a; Suortti et al., 1997) 
where the choice of sign is the same as in equation (3). There is additional bandwidth broadening due to the vertical size of the source, which is negligible compared to the above contributions. Finally, the energy resolution of the BLM depends on the matching of the dispersion effects of the two crystals through equations (5) and (6), which is difficult to describe in analytical formulae. Instead, detailed ray tracing studies are essential for estimating the BLM performance (see x3). The asymmetric angle of the Bragg and Laue crystals can be optimized so that the focusing condition and the Rowland condition are satisfied simultaneously, which can only be achieved at one particular photon energy (see x2.3 for example).
BLM design for a bending magnet beamline at the APS
The proposed BLM is for a bending magnet beamline for in situ powder diffraction studies at the APS operating in the 30-55 keV range. This program is currently located at 17-BM. The source-to-Bragg distance is F B1 = 26.5 m. The sample is located 52 m from the source, and thus The Si 311 reflection is chosen instead of the 111 reflection to allow reasonable R sL values at high energies. Fig. 3(a) shows a (511) crystal diffracting in the [011] zone with L = 49
. By changing the cutting direction, crystals with different asymmetric angles can give different Poisson ratios (cf. Fig. 3b ). For the (511) crystal, L = 0.086, as indicated by the dotted lines in Fig. 3(b) . Poisson's ratio can be varied from 0.064 to 0.31 just by altering the asymmetric cut of the crystal, which then changes the meridional radius of the Laue crystal significantly. Therefore, L is a very important parameter that needs to be optimized for the BLM. The C L value also plays an important role. On the basis of a previous study of the leaf bender design , we used C L = 0.7 for all following calculations. Table 1 lists the optimized design parameters calculated for different energies where the focusing conditions [equations (3) and (4)] and the Rowland conditions [set equations (5) and (6) to zero] are both satisfied. The optimized asymmetric angle of the Bragg crystal only deviates from 90 slightly, which implies a small effect on the required meridional bending radius. Therefore, a symmetric Bragg crystal can be used for simplicity without sacrificing much of the energy resolution. According to Table 1, the symmetric Bragg crystal matches better with the optimized parameters at lower energies. On the other hand, the performance of the BLM is more sensitive to the asymmetric cut of the Laue crystal, which needs to be decided on the basis of the energy range of interest. Table 2 shows the design parameters of the BLM required to attain the focusing conditions using a symmetric (311) Bragg crystal and a (511) Laue crystal (cf. Fig. 3a) . The (511) Laue crystal ( L = 49 for the 311 reflection) is chosen because of its availability and it is close to the optimized condition at 38 keV.
Ray tracing studies
The performance of the BLM was simulated with the ray tracing software SHADOW (Sanchez del . Since the diffraction properties of bent crystals have not been implemented into SHADOW yet, special models were used to simulate the two crystals separately.
For the meridionally bent Bragg crystal, the penetration depth inside the crystal is negligible compared to the beam size. Therefore, it can be assumed that the diffraction occurs on the crystal surface. The Bragg crystal was first ray traced as a total reflection mirror with the correct bending radius, a grazing angle of B and a reflectivity of one. Then the intensity I i of each ray i was changed depending on its grazing incident angle i , its energy E i and the diffraction profile R() simulated by the Xcrystal module in XOP (cf. Fig. 2 ) using
The position and direction of the rays were kept intact. The ray tracing of the bent Laue crystal was performed using a multi-lamellar approach described previously (Shi et al., 2013) . The crystal was divided into several thin lamellae with gradually tilted Bragg planes. Each lamella was ray traced as a perfect Laue crystal using SHADOW. The overall reflectivity of the crystal was thus the sum of contributions from all lamellae with the appropriate absorption correction. The number of lamellae was chosen so that the tilt angle of the Bragg planes between two adjacent lamellae equals the bandwidth of the perfect Laue crystal. This multi-lamellar approach was validated by comparing the constructed diffraction profiles from ray tracing with the theoretical calculation (Shi et al., 2013) . In practice, one can check the results by increasing the number of lamellae, which does not increase the calculated flux.
One should note that the described procedures are valid for polychromatic beams. The way that each ray is reflected by the BLM depends on the ray's energy and angle, and can be Table 2 Design parameters for the BLM. calculated by considering the correct diffraction profiles of the two bent crystals. Ray tracings were carried out for the 17-BM condition with a horizontal source divergence of 1 mrad. Fig. 4 and Table 3 present the calculated results of the BLM performance at 38 keV. The bending radii of the Laue crystal are R sL = 1.95 m and R mL = 32.4 m. To satisfy the focusing condition in the vertical direction [equations (3) and (4)], the meridional radius of the Bragg crystal needs to be R mB = 220 m. At this condition (solid lines in Fig. 4) , the beam flux is maximized but the energy resolution is not optimized owing to the offRowland condition of both crystals. The vertical beam size also suffers from the dispersion broadening. We define the quantity of 'flux density' as the total flux divided by the energy bandwidth and the beam FWHM size. To achieve the highest flux density, R mB needs to be adjusted to 250 m (dashed lines in Fig. 4 ). For comparison, the performance of a DLM was also simulated using the same Laue crystal orientation (dotted lines in Fig. 4) . The required sagittal radius of each DLM crystal is 3.91 m, twice that in the BLM case. The DLM can provide a similar flux with slightly better energy resolution, but no vertical focusing. As a result, the flux density of the BLM is a factor of 3-5 higher than that of the DLM. Similar studies were carried out at different energies with the results shown in Table 4 . The optimized R mB values were obtained from maximizing the flux density. Clearly, at higher energies of 50-60 keV, the BLM suffers from deteriorated energy resolution and focal size due to the dispersion effects. To improve the performance in this energy range, an asymmetric Bragg crystal will be necessary.
The sagittal curvature of the Laue crystal in the BLM creates variations in incident angle along the horizontal footprint of the crystal. The reflected energy at the crystal center is thus different from that near the two ends. Fig. 5 shows the calculated incident angle distribution along the Laue crystal surface of the BLM at two different energies. Within the bandwidth of the bent Laue crystal (between the dotted lines), only the central part (<30 mm or <1 mrad) of the horizontal beam will be efficiently diffracted. The diffracted beam also has a curved shape.
In this paper, a practical solution is proposed to increase the horizontal acceptance of the BLM. As indicated by Table 2 . The space between the two dotted lines indicates the angular acceptance of the bent Laue crystal of 31 mrad (cf. Fig. 2a ) and 55 mrad (cf. Fig. 2b ) at 30 and 50 keV, respectively. on the bender design and thus is difficult to simulate. An experimental validation is shown in x4.
Experimental results
A prototype BLM was tested at beamline 1-BM-B at the APS (Macrander et al., 2016) . A Laue-Laue monochromator was modified by replacing its first crystal with a bendable Bragg crystal. The symmetric Si(311) Bragg crystal is 150 Â 60 mm in size and 8 mm thick. The Laue crystal is Si(511) with a size of 84 Â 31 mm (active area of 59 Â 31 mm) and has a thickness of T L = 0.55 mm. The leaf bender design was used to bend the Laue crystal, while the Bragg crystal bender was an in-house design. The Bragg crystal was located 31 m from the source. The vertical offset between the Bragg and Laue crystals was 50 mm. The Bragg crystal was water cooled and the Laue crystal was uncooled. Details of the mechanical and cooling design will be reported elsewhere. The energy and diffraction angle were estimated by measuring the offset between the transmitted beam and the diffracted beam on a fluorescence screen downstream of the Laue crystal. Owing to limited space, the focusing of the BLM was not directly studied. The sagittal radius of the Laue crystal was estimated from the horizontal beam sizes measured on two screens located at 0.2 and 4.6 m downstream of the Laue crystal. The meridional radius of the Bragg crystal was calibrated with a metrology measurement before the X-ray test.
Firstly, the geometrical matching of the Bragg and Laue crystal in the meridional direction was studied. To avoid the effect from the horizontal acceptance, the white beam slit at 27 m from the source was limited to 1 mm horizontally. The vertical beam aperture was 0.15 mrad, taking most of the vertical source divergence. The R mB optimization at different bending conditions of the Laue crystal at 38 keV is presented in Fig. 6 . Fig. 6(a) shows the measured beam intensity as a function of R mB for R sL = 2.7 m. The maximum flux was achieved at R mB = 300 m. Similarly, the optimized R mB was obtained at different R sL values and the results are presented in Fig. 6(b) . The values agree well with the ones calculated from equations (2), (3) and (4), where the focusing condition in the vertical direction is met. There are several factors that affect the transmission of the BLM, including the source flux, size and divergence, the intrinsic bandwidth of the bent crystals, and the matching of the two crystals. Depending on the experimental requirements, one can always adjust R mB to achieve the best performance by maximizing the flux or minimizing the energy bandwidth or maximizing the flux density. The final calibration and optimization of the BLM will be carried out at the 17-BM beamline later.
Secondly, we tested the feasibility of increasing the horizontal acceptance of the BLM. Since the effect of the sagittal bending of the Laue crystal is larger at higher energy (cf. Fig. 5 ), the study was carried out at 58 keV. The bending radii of the two crystals were R sL = 1.9 m and R mB = 260 m. The white beam slit was opened to deliver a horizontal beam size of 26 mm at the BLM location. A horizontal slit of 2 mm was placed immediately downstream of the Laue crystal to select different parts of the horizontal beam. A PIN diode was placed behind the horizontal slit to monitor the intensity through the slit. The rocking curves of the BLM were recorded by changing the Laue crystal pitch angle . Figs. 7(b), 7(c) and 7(d) show the extracted peak intensity, the position of the rocking curve centroid and the FWHM of the rocking curve, respectively. Clearly, sliding the Laue crystal in the vertical direction changes the rocking curve center distribution (cf. Fig. 7c ) without changing the peak intensity (cf. Fig. 7b ) and the rocking curve width (cf. Fig. 7d ). The best vertical position of the Laue crystal is around h = 2 mm, where the center of the rocking curve is independent of the horizontal position. The small first-order tilt of the curves is from the residual twist of the crystal (Zhong et al., 2001b) due to a test bender flaw, which can be removed by using an improved bender assembly. The rocking curves become wider and have lower reflectivity towards the two ends. This is because of the non-uniformity of the meridional bending radii. Closer to the clamping position near the two ends, the meridional curvature gets smaller, and it deviates further from the required Rowland condition. The active area of the crystal should be at least twice the size of the horizontal beam size, as also suggested for the DLM .
Conclusion
The conceptual design of a bent Bragg-Laue monochromator for focusing bending magnet and wiggler radiation is presented in detail. The major design challenge is to fulfill the focusing conditions and Rowland geometry for both crystals. The optical performance of the BLM can be better understood with the help of ray tracing simulations. The experimental test of the prototype revealed a way to increase the horizontal acceptance of the BLM. The same idea can be applied to any optics containing sagittally bent Laue crystals. Compared to other bent crystal monochromators, the BLM has the major advantage of focusing in both directions. Using the Bragg crystal as the first optics is beneficial for the cooling design, which makes the BLM a better candidate as a high-heat-load monochromator.
